Heat shock transcription factorA2 (HsfA2) is a key regulator in response to heat stress in Arabidopsis (Arabidopsis thaliana), and its heat shock (HS)-induced transcription regulation has been extensively studied. Recently, alternative splicing, a critical posttranscriptional event, has been shown to regulate HS-inducible expression of HsfA2; however, the molecular mechanism remains largely unknown. Here, we demonstrate a new heat stress-induced splice variant, HsfA2-III, is involved in the self-regulation of HsfA2 transcription in Arabidopsis. HsfA2-III is generated through a cryptic 59 splice site in the intron, which is activated by severe heat (42°C-45°C). We confirmed that HsfA2-III encodes a small truncated HsfA2 isoform (S-HsfA2) by an immunoblot assay with anti-S-HsfA2 antiserum. S-HsfA2 has an extra leucine-rich motif next to its carboxyl-terminal truncated DNA-binding domain. The biological significance of S-HsfA2 was further demonstrated by its nuclear localization and heat shock element (HSE)-binding ability. In yeast (Saccharomyces cerevisiae), the leucine-rich motif can inhibit the transcriptional activation activity of S-HsfA2, while it appears not to be required for the truncated DNA-binding domain-mediated binding ability of S-HsfA2-HSE. Further results reveal that S-HsfA2 could bind to the TATA box-proximal clusters of HSE in the HsfA2 promoter to activate its own transcription. This S-HsfA2-modulated HsfA2 transcription is not mediated through homodimer or heterodimer formation with HsfA1d or HsfA1e, which are known transcriptional activators of HsfA2. Altogether, our findings provide new insights into how HS posttranscriptionally regulates HsfA2 expression. Severe HS-induced alternative splicing also occurs in four other HS-inducible Arabidopsis Hsf genes, suggesting that it is a common feature among Arabidopsis Hsfs.
Elevated temperature or heat shock (HS) limits plant growth and survival. Heat shock transcription factors (Hsfs) are the central regulators in the plant's cellular response to HS (Nover et al., 2001; von Koskull-Döring et al., 2007) . They bind to a heat shock element (HSE) composed of continuous or discontinuous inverted repeats of the nGAAn unit (Enoki and Sakurai, 2011) , subsequently resulting in the transcription of heat shock protein genes and other heat-inducible genes (Nover et al., 2001; von Koskull-Döring et al., 2007) .
Plant Hsfs have a modular structure. Its N-terminal DNA-binding domain (DBD) is the most conserved part, which consists of a three-helix bundle (H1, H2, H3) and a four-stranded antiparallel b-sheet (b1, b2, b3, b4). Another conserved region is the intron located immediately downstream of the region encoding the central helixturn-helix (H2-T-H3) motif of DBD (Nover et al., 2001 ).
Arabidopsis (Arabidopsis thaliana) has 21 Hsfs. These proteins can be divided into classes A, B, and C according to the amino acid sequence of their flexible linkers and oligomerization domains (HR-A/B regions; Nover et al., 2001) . Among the 21 Hsfs in Arabidopsis, HsfA2 plays an important role in both basal and acquired thermotolerance (von Koskull-Döring et al., 2007) . The hsfA2 mutant shows substantially decreased basal and acquired thermotolerance, while overexpressed HsfA2 increases thermotolerance (Li et al., 2005; Nishizawa et al., 2006; Charng et al., 2007; Ogawa et al., 2007) .
The expression of HsfA2 is HS inducible and maintains a high level in Arabidopsis (Schramm et al., 2006; Nishizawa et al., 2006) . Its HS-mediated transcription regulation has been extensively studied. Five transcriptional regulators of HsfA2 have been identified, including two transcriptional activators (HsfA1d and HsfA1e; Nishizawa-Yokoi et al., 2011) , two transcriptional repressors (HsfB1 and HsfB2b; Ikeda et al., 2011) , and a chloroplast ribosomal protein S1 (Yu et al., 2012) .
Recently, it has been reported that HS induces HsfA2 to generate a splice variant (Sugio et al., 2009 ), suggesting that HS also regulates HsfA2 expression at the posttranscriptional level. Increasing evidence shows that alternative splicing (AS) is a critical posttranscriptional event and plays an important role in plant stress responses (Mazzucotelli et al., 2008; Mastrangelo et al., 2012) . However, the AS of Hsfs in plants is largely unknown, although AS events have been experimentally identified in a few plant genes, including alfalfa (Medicago sativa) Hsf1 (He et al., 2007) , Arabidopsis HsfA2 (Sugio et al., 2009) , and genus Potamogeton HsfA2a2 (Amano et al., 2012) . These Hsf splice variants contain premature termination codons and are degraded through the nonsense-mediated mRNA decay (NMD; He et al., 2007; Sugio et al., 2009; Amano et al., 2012) . Thus, AS-NMD may be involved in regulating the level of full-length mRNAs of these three plant Hsfs.
Although AS of HsfA2 has been recently documented (Sugio et al., 2009) , there is little information about the regulation of HsfA2 expression by HSinduced AS. In this study, we cloned a new HS-induced HsfA2 splice variant and suggested a novel mechanism underlying the self-regulation of HsfA2 expression through a small truncated HsfA2 isoform encoded by this new splice variant. Our results provide new insights into how HS posttranscriptionally regulates HsfA2 expression, which helps us understand the detailed molecular mechanism of HS-mediated HsfA2 expression.
RESULTS

Severe HS Induces the Generation of an HsfA2 Splice Variant
HsfA2 contains a single 324-nucleotide intron that is fully removed to generate the full-length HsfA2 transcript (Fig. 1A) . Sugio et al. (2009) have shown that moderate heat (37°C) activates a 31-nucleotide cryptic miniexon within the HsfA2 intron to generate splice variant HsfA2-II. This miniexon splits the single intron into intron 1a (81 nucleotides) and intron 1b (212 nucleotides; Fig. 1A ). HsfA2-II contains a premature termination codon within the miniexon (Fig. 1A) and is degraded by NMD (Sugio et al., 2009) . To explore whether other HsfA2 splice variants are generated under severe HS (42°C for 1 h), we performed reverse transcription (RT)-PCR analysis using HsfA2-II-specific primers (A2-F/A2-II-R; Fig. 1A ). By cloning and sequencing of RT-PCR products, we found that upon severe heat, a new intron 1a-retained splice variant (designated HsfA2-III) was identified together with HsfA2-II in Arabidopsis seedlings, demonstrating that severe HS induces the generation of a new HsfA2 splice variant.
HsfA2-III Is Preferentially Expressed Under Severe HS Conditions
Next, we analyzed the expression pattern of HsfA2-II and HsfA2-III in Arabidopsis seedlings treated with various temperatures (37°C, 42°C, 45°C) for 1 h followed with semiquantitative RT-PCR using A2-F/A2-II-R primers. This primer pair allows the amplification of these two splice variants in a single reaction. We found that different temperatures resulted in different expression of the two splice variants (Fig. 1B) . We concluded that HS induced a temperature-dependent increase in the accumulation of HsfA2-III but a decrease in the accumulation of HsfA2-II. Notably, HsfA2-III but not HsfA2-II is expressed under severe heat (45°C).
HsfA2-III Encodes a Small Truncated HsfA2 Isoform
An in-frame translational stop codon (UAG) is located immediately at the 39 end of the retained intron 1a within HsfA2-III (Fig. 1A) . This could result in the production of a small HsfA2 isoform 129 amino acids in length (referred to as S-HsfA2). S-HsfA2 contains an N-terminal region (residues 1-41), a C-terminal truncated DBD (t-DBD; residues 42-103), and an additional Leu-rich hydrophobic motif (residues 104-129; referred to as the Leu-rich motif [LRM] ) encoded by the retained intron 1a.
We determined the presence of putative S-HsfA2 by immunoblot assay. In many species, translation is suppressed upon HS. Thus, the translation of HsfA2-III is possibly suppressed under the severe HS condition (42°C for 1 h) necessary for HsfA2-III generation. Arabidopsis seedlings were recovered for 30 min after severe HS (42°C for 1 h) to allow HsfA2-III translation and then subjected to protein gel-blot analysis using antiserum raised against a synthetic peptide of LRM (underlined residues in Fig. 1A ). As expected, a 14-kD band representing S-HsfA2 was significantly detected in heat stress-recovered Arabidopsis seedlings but not in controls (Fig. 1C) . This result indicates that HsfA2-III can be translated into S-HsfA2. We further examined whether S-HsfA2 is synthesized at 42°C. Western-blot analysis revealed that S-HsfA2 weakly accumulated in HS (42°C for 1 h)-treated seedlings but not in the control plants (Fig. 1D ). This confirms that S-HsfA2 is also synthesized during severe HS. This result is consistent with a previous study that showed that HsfA2 and five heat shock proteins can be synthesized during heat stress at 42°C in Arabidopsis leaves (Schramm et al., 2006) .
S-HsfA2 Acts as an Hsf
Although the t-DBD of S-HsfA2 lacks strands b3 and b4, it contains the H2-T-H3 motif that is responsible for HSE recognition and binding based on analysis of the DBD structure of tomato (Solanum lycopersicum) HSF24 (Schultheiss et al., 1996) . Thus, we hypothesized that S-HsfA2 might bind to the HSEs. However, this HSEbinding ability is required for the nuclear localization of S-HsfA2. Therefore, first, we investigated whether S-HsfA2 is located in the nucleus. The fluorescence of the S-HsfA2-GFP fusion protein expressed under the control of the cauliflower mosaic virus 35S promoter (Pro-35S) in Arabidopsis protoplasts was observed mainly in the nucleus ( Fig. 2A) . As a control, the mock GFP control was found in the cytoplasm. Second, we tested the ability of S-HsfA2 to bind HSEs by using a yeast (Saccharomyces cerevisiae) one-hybrid (Y1H) assay (Fig. 2B ). We selected a 113-bp TATAproximal promoter fragment of the HsfA2 (2153 to 241; here termed ProHsfA2) as bait. ProHsfA2 contains two perfect HSEs (HSE-I and HSE-II) and one HSE-like, in which HSE-I is required for the HsfA1d-or HsfA1e-mediated induction of HsfA2 expression (NishizawaYokoi et al., 2011) . Y1H results showed that S-HsfA2 could bind to the ProHsfA2. However, this binding activity was completely abolished by mutated HSEs of ProHsfA2 (ProHsfA2m), confirming the binding of S-HsfA2 to the HSEs.
To investigate whether LRM is required for t-DBD-HSE-binding ability, we created a truncated S-HsfA2 S-HsfA2△LRM) by removing the LRM to test its HSE-binding ability through Y1H. S-HsfA2△LRM could bind to ProHsfA2 but not ProHsfA2m (Fig. 2B) , suggesting that t-DBD but not LRM is responsible for the HSE-binding activity of S-HsfA2. Collectively, the nuclear localization and the HSE-binding ability of S-HsfA2 demonstrated that S-HsfA2 acts as an Hsf.
LRM Inhibits the Transcriptional Activation Activity of S-HsfA2 in Yeast
Loss of the C-terminal activation domain (CTAD) of HsfA2 might lead to the lack of transactivation activity of S-HsfA2. A C-terminal region of HsfA2 including the CTAD has shown a strong transactivation activity in yeast (Kotak et al., 2004) . Therefore, we examined the transactivation potential of S-HsfA2 in yeast (Fig.  2C ). As expected, the Gal4-binding domain (BD)-CTAD of the S-HsfA2 fusion protein (BD-CTAD; positive control) was able to activate the expression of the Gal4 upstream activating sequence-driven HIS3 or LacZ reporter gene. Similar to the BD alone (negative control), the BD-S-HsfA2 fusion protein showed no transactivation activity in yeast. Two-week-old Arabidopsis seedlings were exposed to 42˚C for 1 h and then subjected to RT-PCR analysis using an exon 1-specific forward primer (A2-F) and a miniexon-exon 2 junction primer (A2-II-R). Two alternative splice variants are indicated on the right corresponding to the RT-PCR bands. Arrows indicate the primers that were used in subsequent semiquantitative RT-PCR analysis. The Leu-rich motif encoded by the retained intron 1a is indicated above HsfA2-III, in which the underlined residues represent the antigenic peptide used to generate an anti-S-HsfA2 antibody. B, Semiquantitative RT-PCR analysis of the expression of two HsfA2 splice variants in 2-week-old Arabidopsis seedlings exposed to elevated temperature for 1 h. The TUA4 gene, encoding an a-tubulin isoform, served as an internal control. C and D, Immunoblot assays to confirm S-HsfA2 accumulation during a short recovery period after HS (C) or during HS (D). Total proteins were isolated from heat stress-recovered (Recovery), heat-stressed (Heat shock), or untreated (Control) Arabidopsis seedlings and subjected to immunoblot with anti-SHsfA2 antiserum (top panels). Equal loading was confirmed by staining gels run in parallel with Coomassie blue (bottom panels). All experiments were performed at least twice showing similar results. [See online article for color version of this figure. ] To identify the specific region of S-HsfA2 responsible for the transcriptional repression in yeast, we constructed two deletion derivatives of S-HsfA2 and analyzed their transactivation potential in yeast (Fig. 2C) . Deletion of LRM (S-HsfA2△LRM) resulted in the expression of two reporter genes in yeast. Interestingly, another truncated S-HsfA2 (S-HsfA2△t-DBD) containing only the N-terminal region exhibited transactivation activity. These results show that LRM is a negative regulatory region for the transactivation potential of S-HsfA2, and the transcriptional activation domain of S-HsfA2 resides, at least in part, within its N-terminal region (residues 1-41).
S-HsfA2 Binds Directly to the HsfA2 Promoter in Vivo
Results from the Y1H experiment suggest that S-HsfA2 could bind to its own promoter in yeast. We performed chromatin immunoprecipitation (ChIP) in Arabidopsis seedlings transiently expressing GFP-tagged S-HsfA2 protein to verify this binding (Fig. 3) . PCR amplification of the immunoprecipitated chromatin DNA showed that the S-HsfA2-GFP fusion protein binds to the HsfA2 proximal promoter region (2204 to 28; referred to as A2-pro; Fig. 3A ) but not to the region further upstream (22,929 to 22,662; referred to as A2-up; Fig. 3A ) or the genomic region of the EF-1a gene (Fig. 3B ). A2-pro covers ProHsfA2, which was used as bait in the Y1H assay. Our results demonstrated that S-HsfA2 binds to its endogenous promoter in vivo.
Overexpression of S-HsfA2 Activates Its Own Gene Expression
The finding that S-HsfA2 can bind to its own promoter indicates that S-HsfA2 may be a transcriptional regulator of the HsfA2 gene. To test this, we analyzed the expression of endogenous fully spliced HsfA2 in Arabidopsis seedlings expressing Pro-35S:S-HsfA2 or vector control (Pro-35S:GUS). After confirming the expression of GUS and the S-HsfA2 transgene by histochemical GUS staining (Fig. 4A ) and RT-PCR analysis (Fig. 4B) , respectively, we found that, compared with that of GUS, overexpression of S-HsfA2 led to a more than 13-fold increase in the accumulation level of the endogenous fully spliced HsfA2 (Fig. 4C) . Our Y1H and ChIP results reveal that S-HsfA2 can bind to the HsfA2 promoter to activate its own gene expression. As a transcriptional regulator of HsfA2, S-HsfA2 may interact with other known transcriptional activators of HsfA2 to regulate HsfA2 expression. Using a luciferase activity assay and mutation analysis, HsfA1d and HsfA1e were identified to be the activators of HsfA2 expression (Nishizawa-Yokoi et al., 2011) . By using Y1H, we investigated whether HsfA1d or HsfA1e also binds to the HSEs within the ProHsfA2 similar to S-HsfA2. Using a short HsfA1d (S-HsfA1d) or a short HsfA1e (S-HsfA1e) with a truncated C-terminal region but containing DBD and HR-A/B as prey, we found that S-HsfA1d or S-HsfA1e bound to ProHsfA2 but not to ProHsfA2m (Fig. 5A) . HsfA1d or HsfA1e, therefore, could bind to the same HsfA2 promoter region similar to S-HsfA2.
Next, we performed a yeast two-hybrid assay to determine whether S-HsfA2 interacts with S-HsfA1d or S-HsfA1e as well as with itself. We found that S-HsfA2 was unable to interact with S-HsfA1d, S-HsfA1e, or itself (Fig. 5B) . These findings indicate that the S-HsfA2-mediated activation of HsfA2 expression is not mediated by homodimer or heterodimer formation with HsfA1d or HsfA1e, although they could bind to the same HsfA2 promoter fragment.
DISCUSSION
HsfA2 Undergoes an Autoregulatory Loop through an HS-Induced Splice Variant
In plants, the heat stress response is highly conserved and involves multiple pathways, regulatory networks, and cellular compartments (Mittler et al., 2012) . Hsf acts as a terminal component of plant heat signal transduction to modulate the expression of heat shock protein genes (Saidi et al., 2011) . Plant Hsfs also form an Hsf signaling network by cross regulation at multiple levels (Miller and Mittler, 2006) . It has been shown that HsfA2 is a central component of the Arabidopsis Hsf signaling network Nishizawa-Yokoi et al., 2011) . Therefore, studies on HS-mediated regulation of HsfA2 expression enable us to understand its functional roles in the Hsf signaling network. Although the HS-mediated transcription of HsfA2 is well documented (Nishizawa et al., 2006; Ikeda et al., 2011 ; Fig. 1A ) and the UTR-R primer corresponding to the 39 untranslated region within the Pro-35S:S-HsfA2 vector. This primer pair allows us to rule out endogenous HsfA2-III contamination. TUA4 served as an internal control. +RT and 2RT indicate reactions with and without reverse transcriptase, respectively. The lack of bands in the 2RT reaction indicates no Pro-35S:S-HsfA2 contamination. C, The relative endogenous HsfA2 expression level was determined by quantitative RT-PCR using the forward primer (A2-rF; Fig. 1A ) and the exon 1-exon 2 junction primer (A2-R; Fig. 1A ). The endogenous HsfA2 expression level in the seedlings expressing Pro-35S:GUS was set to 1.0. The data represent means 6 SD of three independent experiments. Significance between experimental values was assessed by a onesided paired Student's t test (*P , 0.05). [See online article for color version of this figure. ] Nishizawa-Yokoi et al., 2011; Yu et al., 2012) , the molecular mechanism underlying the posttranscriptional regulation of HsfA2 expression by HS is largely unknown.
In this work, we uncovered a novel posttranscriptional regulatory mechanism governing HsfA2 expression upon HS. Under severe HS, a new splice variant, HsfA2-III, is generated through the use of a cryptic 59 splice site in the intron. HsfA2-III can be translated into the small HsfA2 isoform S-HsfA2 during severe HS (42°C for 1 h). S-HsfA2 acts as a functional Hsf and could bind to the TATA boxproximal clusters of HSE in the HsfA2 promoter to activate its own gene expression, thus constituting a positive autoregulatory loop. Our data provide new insights into how HS regulates HsfA2 expression at the posttranscriptional level.
The S-HsfA2-modulated activation of HsfA2 expression seems not to be mediated by homodimer or heterodimer formation with the known transcriptional activator of HsfA2 (HsfA1d or HsfA1e), although they could bind to the same region of the HsfA2 promoter. Further studies to identify the transcription factors interacting with S-HsfA2 to regulate HsfA2 expression will be of interest. Identification and characterization of these factors may explain how S-HsfA2 regulates HsfA2 transcription.
S-HsfA2 Represents a New Functional HsfA2 Isoform
S-HsfA2 is a new HsfA2 isoform induced by severe HS. It contains a hydrophobic LRM and a C-terminal t-DBD. LRM is absent in HsfA2. Based on the data from a yeast expression system, LRM can inhibit the transcriptional activation activity of S-HsfA2, while it appears not to be required for t-DBD of S-HsfA2-HSE binding ability.
Yeast, as a heterologous system, may not reflect the native transcriptional activation activity of some Arabidopsis Hsfs such as HsfA4c, HsfA8, or HsfA9 (Kotak et al., 2004) and thus poses a limitation in our study. Therefore, the conclusion that S-HsfA2 has no transactivation activity in yeast needs to be further verified in Arabidopsis protoplasts.
Severe HS-Induced AS Is a Common Feature among Arabidopsis Hsf Genes
Besides HsfA2, five members of class A Hsfs (HsfA1d, HsfA4a, HsfA4c, HsfA7a, and HsfA7b) and four members of class B Hsfs (HsfB1, HsfB2a, HsfB2b, and HsfB4) are HS inducible (Nishizawa et al., 2006; von KoskullDöring et al., 2007) . To determine whether these nine Hsfs also undergo HS-induced AS similar to HsfA2, we performed RT-PCR splicing analysis with intact seedlings treated without heat (control) and with heat (37°C or 42°C for 1 h) using the primers corresponding to the first exon and the last exon of each Hsf tested. HSinduced AS was observed in HsfA4c, HsfA7b, HsfB1, and HsfB2a (Fig. 6A) but not in six other Hsf genes (data not shown). Severe heat (42°C) but not moderate heat (37°C) significantly inhibited the intron splicing in HsfA7b and HsfB1, as well as in HsfB2a to a lesser extent, with the unspliced variants designated as HsfA7b-II, HsfB1-II, and HsfB2a-II, respectively. These RT-PCR products are not the result of amplification from contaminating genomic DNA because the minus-RT control reaction showed no amplified product.
HsfA7b, HsfB1, and HsfB2a have a single intron, while HsfA4c has two introns. No fully spliced HsfA4c was detected under both control and heat stress conditions. Instead, we detected two HsfA4c splice variants: an intron 2-containing splice variant (HsfA4c-II) and a less abundant intron 1-containing splice variant (At5g45710.1). Our results show that approximately one-half of Hsf genes tested here undergo HS-induced AS, indicating that severe HS may alter the splicing pattern of a limited subset of Hsf genes.
HsfA4c-II, HsfA7b-II, HsfB1-II, and HsfB2a-II contain in-frame stop codons (Fig. 6A, asterisks) within the retained intron that possibly translate into small alternative Hsf proteins (referred to as S-HsfA4c, S-HsfA7b, S-HsfB1, and S-HsfB2a, respectively). In these proteins, a short motif encoded by the retained intron is located Figure 2B . B, Yeast two-hybrid interaction assay of S-HsfA2 with S-HsfA1d, S-HsfA1e, or itself. The yeast strain PJ69-4A was cotransformed with bait (AD-S-HsfA1d, AD-S-HsfA1e, or AD-S-HsfA2) and a prey (BD-S-HsfA2) construct. The empty bait (AD) or prey (BD) vector was used as a negative control. Protein-protein interaction was examined by cell growth on the SD medium lacking Trp and Leu (SD-WL) and SD medium lacking Trp, Leu, and His (SD-WLH) plates. The experiments were performed three times with consistent results.
downstream of the H2-T-H3 motif, but the length is variable among different proteins (Fig. 6A) . Similar to the LRM of S-HsfA2, these short amino acid motifs are composed of hydrophobic amino acids, indicating that S-HsfA4c, S-HsfA7b, S-HsfB1, and S-HsfB2a share common structural features with S-HsfA2. Because S-HsfA4c and S-HsfA7b contain longer motif sizes than S-HsfB1 and S-HsfB2a, we selected these two proteins for analysis of their transactivation activities in yeast and found that both displayed no transactivation activity observed in S-HsfA2 (Fig. 6B) . Therefore, severe HSinduced AS seems to be a common feature among Arabidopsis Hsf genes.
Severe HS-Induced Intron Retention Is Not Specific for the Hsf Genes
The splicing of pre-mRNA is generally repressed by HS (Yost and Lindquist, 1986) . This can also apply to Arabidopsis based on our findings that severe HS (42°C for 1 h) results in intron retention in HsfA4c, HsfA7b, HsfB1, and HsfB2a. To examine whether severe HSinduced intron retention also occurs in other Arabidopsis genes, we performed RT-PCR splicing analysis on eight representative genes under heat stress conditions used for the intron splicing analysis of Hsf genes (Fig. 6C) . The primers corresponding to the first exon and the last exon of each gene were used to perform RT-PCR analysis. The genes analyzed include four HS-inducible transcription factor genes (DREB2B, BZIP28, MYB-like, and HY5; Sugio et al., 2009) and four constitutively expressed genes (ACT2, EF-1a, TIP41-like, and YLS8; Czechowski et al., 2005 ). An extra RT-PCR product from an unspliced transcript (referred to as DREB2B-II or BZIP28-II) was detected in DREB2B and BZIP28 but not in the other six genes under heat stress at 42°C for 1 h. This result suggests that severe HSinduced intron retention is not specific for the Hsf genes because this AS event also occurs in other HS-inducible transcription factor genes such as DREB2B and BZIP28. Figure 6 . Characterization of the HS-induced intron retention of selected Arabidopsis genes. A, RT-PCR splicing analysis of selected Hsf genes in 2-week-old Arabidopsis seedlings treated with elevated temperature for 1 h. Marker, DNA ladder DL2000 (Takara); +RT, reactions with reverse transcriptase; 2RT, reactions without reverse transcriptase; gDNA, genomic DNA control. The lack of bands in the 2RT reaction indicates no genomic DNA contamination. In all cases except HsfA4c, the top band corresponds to the unspliced form (as in genomic DNA) and the bottom band corresponds to the fully spliced form. The structure of the splice variant is shown in the right panel. Asterisks indicate the in-frame stop codon within each retained intron. The coding region is indicated by black boxes. The cluster of hydrophobic amino acid residues encoded by the retained intron is indicated above each unspliced variant. B, The transcriptional activation activity of S-HsfA4c or S-HsfA7b was analyzed in yeast as shown in Figure 2C . BD-S-HsfA2△LRM was used as a positive control. C, RT-PCR splicing analysis of eight representative genes as shown in A. The RT-PCR products above were identified by sequencing analysis. Experiments were repeated at least twice showing similar results. [See online article for color version of this figure. ]
MATERIALS AND METHODS
Plant Material and Growth Conditions
The seeds of Arabidopsis (Arabidopsis thaliana) ecotype Columbia were surface sterilized and sown on one-half-strength Murashige and Skoog agar plates at 22°C with a 16-h/8-h light/dark cycle. Two-week-old Arabidopsis seedlings were transferred onto Whatman filter paper soaked with one-halfstrength Murashige and Skoog liquid medium for 24 h and then used for various heat treatments. Untreated seedlings were used as a control.
RNA Isolation and cDNA Synthesis
Total RNA was extracted from Arabidopsis seedlings using the RNAprep pure plant kit with on-column DNase digestion (Tiangen Biotech) according to the manufacturer's protocol. RNA (2 mg) was used to synthesize the firststrand complementary DNA (cDNA) with an oligo(dT) primer according to the instructions for the PrimeScript first-strand cDNA synthesis kit (Takara). In the subsequent RT-PCR analysis, 1 mL of the cDNA (diluted 1:10 with distilled water) was used as a template.
RT-PCR Splicing Analysis
The RT-PCR splicing analysis of selected genes (HsfA2, HsfA1d, HsfA4a, HsfA4c, HsfA7a, HsfA7b, HsfB1, HsfB2a, HsfB2b, HsfB4, BZIP28, DREB2B, MYBlike, HY5, ACT2, EF-1a, TIP41-like, and YLS8) was performed in a total volume of 20 mL for 27 to 30 cycles at the annealing temperature of 54°C to 58°C. The following primers were used: HsfA2, 59-TTCTGTAGCGGCTTCTTCATCTGT-39 (A2-F) and 59-TCTGAATCCCTTTATAGCTGAAGACTC-39 (A2-II-R); HsfA1d, 59-CATAATAATTTCTCCAGCTTCG-39 and 59-ATGCCCTGGAGA-CGCTGAAC-39; HsfA4a, 59-ATCCGCCAGCTTAACACATA-39 and 59-GAA-GATTCGGTAAAGAGTGGC-39; HsfA4c, 59-ATCGGGATCGAGTCAAATC-TG-39 and 59-CAAACTCTTTCCGTTCTTGCTCT-39; HsfA7a, 59-CCTTCCT-CGTCATTTCAAAC-39 and 59-CTTTGATGTAGCTTTTCGTTGT-39; HsfA7b, 59-GCCTCTATACTTCAAGCACAAC-39 and 59-TCGCTTGATGCTTTTGA-GAA-39; HsfB1, 59-CTTCCTCAATACTTCAAGCATAA-39 and 59-GATTCTT-CGACGAACCGGGT-39; HsfB2a, 59-TTTCGTTCGTCAGCTCAACA-39 and 59-GGTGATACAACCATCGTCTGG-39; HsfB2b, 59-TCTCGAGTTTTGTTCGT-CAGC-39 and 59-TACTGTAACAGCCGAAGCCG-39; HsfB4, 59-CTTCTCTAG-CTTCGTTCGTCA-39 and 59-GTAATGGGAAGAAAGAACCG-39; BZIP28, 59-GCATTAGCTGTTCCGGGGGT-39 and 59-TTGAGCTCTGACGCCACAAGT-G-39; MYB-like, 59-TGATGAGCTTAGTTTGGGATCG-39 and 59-TTTGGCTTC-CTGATGTGTAACCT-39; DREB2B, 59-TCCTGGAGTTATCATTCACGATA-39 and 59-AACAACCGCCTTATTTTCAACC-39; HY5, 59-ATCAAGCAGCGA-GAGGTCATCA-39 and 59-GCTTGCATCAGCATTAGAACCAC-39; ACT2, 59-ATCTTCTTCCGCTCTTTCTTTCCA-39 and 59-CATAAAACCCCAGCTTTTT-AAGCC-39; EF-1a, 59-ACATTTTCGTAGCCGCAAGACT-39 and 59-ATCCA-GAGATTGGCACAAATGG-39; TIP41-like, 59-GCATCCATGACTGGGAGA-TCGA-39 and 59-AACAGCTTAAACTTTACTAGGGAT-39; YLS8, 59-CGTCT-CGTCGTCATTCGTTTC-39 and 59-CCAGTTCACGGGATATTTCAGC-39. The amplification conditions for the internal control TUA4 was the same but with 28 cycles at an annealing temperature of 56°C using 59-CTCTACCTCCGTT-GTTGAGCCTTAC-39 and 59-CACCCACATACCAGTGAACGAAAG-39. As a positive control, genomic DNA isolated from Arabidopsis seedlings with the CTAB procedure was used as a PCR template for all the genes tested except HsfA2. The resulting RT-PCR products were cloned into pMD18T-vector (Takara) and sequenced. All PCRs were performed using Ex-Taq polymerase (Takara).
Subcellular Localization
To generate the Pro-35S:S-HsfA2-GFP reporter plasmid, the S-HsfA2 coding sequence was amplified from genomic DNA using A2-GFP-F (59-CATGCCATG-GAAGAACTGAAAGTGGAAA-39; the NcoI site is underlined) and A2-GFP-R (59-GGACTAGTAAGAAATCCAAAATTAAAAATTAGA-39; the SpeI site is underlined). The resulting PCR products were then cloned into the NcoI/SpeI sites of pCAMBIA1302 vector and sequenced using a pCAMBIA1302 reverse sequencing primer (59-TCACCTTCACCCTCTCCACT-39). The Pro-35S:S-HsfA2-GFP and pCAMBIA1302 constructs were transformed into Arabidopsis mesophyll protoplasts by polyethylene glycol-calcium transfection. The fluorescence signal was observed through a Zeiss 5 Live laser scanning confocal microscope at 24 h after transformation.
Transcriptional Activation Activity Assay in Yeast
For transcriptional activation activity assay in yeast (Saccharomyces cerevisiae), the coding sequences of S-HsfA2, S-HsfA2△LRM, S-HsfA2△t-DBD, S-HsfA4c, and S-HsfA7b were amplified by PCR from genomic DNA or cDNA. The following primers were used: S-HsfA2 and two truncated S-HsfA2 forms, the common forward primer 59-CGGAATTCGAAGAACTGAAAGT-GGAAAT-39 and the reverse primer 59-AACTGCAGCTAAAGAAATCCA-AAATTAAA-39 (for S-HsfA2), 59-AACTGCAGCTAATAAGTATTGAGCT-GACGA-39 (for S-HsfA2△LRM), or 59-AACTGCAGCCCTGTTTCGTTAAG-CCCTTC-39 (for S-HsfA2△t-DBD), respectively; S-HsfA4c, 59-CGGAATTCG-ATGAAAATAATGGAGGTTC-39 and 59-AACTGCAGCATCATTCAAGAA TTCCCAT-39; S-HsfA7b, 59-CGGAATTCCCGTCGTCAAGCTCCAGAGC-39 and 59-AACTGCAGACTAAACTATCCAGTGAACAAGTA-39. The underlined sequences of these primers indicate the EcoRI and PstI restriction endonuclease sequences. The resulting PCR products were then inserted into EcoRI/PstI sites of pGBKT7 (Clontech) to fuse to GAL4 BD, and the resulting constructs were designated as BD-S-HsfA2, BD-S-HsfA2△LRM, BD-S-HsfA4c, and BD-S-HsfA7b. As a positive control, the coding sequence of CTAD of HsfA2 was amplified from genomic DNA using 59-CGGAATTCCTTACTTCTACTC-CAAGCTTGG-39 (the EcoRI site is underlined) and 59-CGGGATCCGTCATG-TAGATCTTGGCTGTCC-39 (the BamHI site is underlined). The resulting PCR product was inserted into EcoRI/BamHI sites of pGBKT7 to generate BD-CTAD. Plasmids were transferred to yeast strain PJ69-4A by the standard lithium acetate-polyethylene glycol-mediated transformation procedure. Transcriptional activation activity was evaluated by spot assay and LacZ-filter lift assays.
Y1H Assay
For bait construction, a 113-bp HsfA2 promoter fragment (2153 to 241) was amplified from genomic DNA with 59-CCGGAATTCAGTAACGAA-GTTTCTGGAAC-39 and 59-GGACTAGTGAAGAGAAGGTTCTAGAGACA-39. The mutations of the HSEs within the HsfA2 promoter fragment were performed by the asymmetric overlap extension PCR method (Xiao and Pei, 2011) using four mutagenic (lowercase) primers: A2p-F1 (59-CCGGAATTCAGTAACtAAGTTTaTGGAAC-39), A2p-R1 (59-CATTTCACTGTATTtAAGCTTaTTTGACAT-39), A2p-F2 (59-ATGTCAAAtAAGCTTaAATACAGTGAA-ATG-39), and A2p-R2 (59-GGACTAGTGAAGAtAAGGTTaTAGAGACA-39). The underlined sequences of these primers indicate the EcoRI and SpeI restriction sites. The PCR products were then cloned into the EcoRI/SpeI sites of pHIS2.1 vector (Clontech) and sequenced using a pHIS2.1 forward sequencing primer (59-GCCAGGGTTTTCCCAGTCAC-39) or a reverse sequencing primer (59-CTTCGTTTATCTTGCCTGCTCA-39).
For the construction of prey, the coding sequences of S-HsfA2, S-HsfA1d, and S-HsfA1e were amplified from Arabidopsis genomic DNA or cDNA. The following primers were used: S-HsfA2, 59-CCGGAATTCGAAGAAC-TGAAAGTGGAAATG-39 and 59-GAAGATCTCTAAAGAAATCCAAAATT-AAAAATT-39; S-HsfA1d, 59-CGGAATTCGATGTGAGCAAAGTAACCA-39 and 59-ACGCGTCGACCTGCTGTAAGAATTGAGATAG-39; S-HsfA1e, 59-CGGAATTCGGAACGGTTTGCGAATCTGT-39 and 59-ACGCGTCGACCTG-CTGAGAAAATTGGTTTAAG-39. The underlined sequences of these primers indicate the EcoRI, BglII, and SalI restriction endonuclease sequences. The resulting PCR products were cloned into the EcoRI/BglII or EcoRI/SalI sites of pGAD424 vector (Clontech) and sequenced to yield AD-S-HsfA2, AD-SHsfA1d, and AD-S-HsfA1e, respectively.
To generate construct AD-S-HsfA2△LRM, an EcoRI-PstI fragment containing S-HsfA2△LRM from BD-S-HsfA2△LRM was inserted into the EcoRI/ PstI sites of pGAD424.
The Y1H assays were performed according to the protocol included in the Matchmaker one-hybrid library construction and screening kit (Clontech). We randomly selected three positive yeast clones (confirmed by PCR) from synthetic defined (SD)/-Trp-Leu plates to spot assay. Aliquots (5 mL) of each distilled water-diluted culture (optical density at 600 nm = 0.1) were spotted onto SD/-Trp-Leu and selective medium (SD/-Trp-Leu-His and SD/-TrpLeu-His+3-amino-1,2,4-triazole). The bait and prey plasmids were rescued from yeast clones grown on selective medium, amplified in Escherichia coli Top10, and verified by sequencing. strain PJ69-4A. The empty GAL4 BD bait vector (pGBKT7) and GAL4 AD prey vector (pGAD424) combination was used as a negative control. The spot assay and the identification of bait and prey plasmids were performed as described for the Y1H assay.
Transient Expression Assay
To generate Pro-35S:S-HsfA2, the S-HsfA2 coding sequence was cloned into XbaI/SacI sites of pBI121 (Clontech), replacing the GUS reporter gene, and then sequenced using the pBI121 forward sequencing primer Pro-35S-F (59-CACAATCCCACTATCCTTCG-39). Pro-35S:S-HsfA2 or pBI121 (Pro-35S:GUS) was transformed into Agrobacterium tumefaciens GV3101. The transformation of 10-d-old Arabidopsis seedlings with Pro-35S:S-HsfA2 or Pro-35S:GUS was performed as described previously .
The GUS staining assay for seedlings transiently expressing Pro-35S:GUS was performed at 3 d post transformation as described previously (Jefferson, 1987) . The expression of transgene S-HsfA2 in the seedling transiently expressing Pro-35S:S-HsfA2 was confirmed by RT-PCR using the primers A2-III-F (59-ATGTAAGTACCTCTTTGCTTCCTTATATC-39) and UTR-R (59-TATTGCCAAATGTTTGAACG-39). Quantitative RT-PCR analysis of HsfA2 was performed on a Rotor-Gene 6000 instrument (R. Corbett Research) using the SYBR Premix Ex-Taq kit (Takara) according to the manufacturer's instructions. TUB2 was used as an internal control, and relative expression levels were analyzed using the comparative threshold cycle method. The thermal cycling conditions were 95°C for 10 min followed by 50 cycles of 95°C for 30 s, 56°C for 30 s, and 72°C for 20 s. The primers used for quantitative RT-PCR were as follows: A2-rF (59-GTTTCTTGGAGTAATGGTCGTAACAGC-39) and A2-R (59-AATCTTTCTGAATCCATAAGTATTGAGC-39) for HsfA2 and TUB2-F (59-ATCGATTCCGTTCTCGATGT-39) and TUB2-R (59-ATCCAGTTCCTCCTC-CCAAC-39) for TUB2. Data are shown as means 6 SD from three technical replicates.
Total Protein Extraction and Western Blot
For heat treatment, 2-week-old Arabidopsis seedlings were subjected to 42°C for 1 h followed by 22°C for 30 min or to 42°C for 1 h. Untreated seedlings were used as a control. The seedlings were ground in liquid nitrogen with a porcelain mortar and pestle, and 1 g of ground tissue was thawed in 1 mL of extraction buffer (50 mM Tris-HCl [pH 7.5], 150 mM NaCl, 1 mM EDTA, 10% [v/v] glycerol, 5 mM dithiothreitol, 0.5% [v/v] Triton X-100, 1 mM phenylmethylsulfonyl fluoride, and 1% [v/v] Nonidet P-40). The extract was centrifuged at 3,000g for 5 min. The supernatant fraction was mixed with 53 SDS-PAGE loading buffer and boiled for 10 min. Aliquots of each protein lysate were resolved by SDS-PAGE on two parallel gels (12%). Proteins separated on a gel were electrophoretically transferred to a pure nitrocellulose blotting membrane (Pall Life Sciences) and probed with the primary anti-SHsfA2 rabbit peptide antibody (diluted 1:400; Beijing Protein Innovation). The secondary antibody used was horseradish peroxidase-conjugated AffiniPure goat anti-rabbit IgG (heavy chain and light chain). The hybridized bands were visualized with enhanced horseradish peroxidase-nitroblue tetrazolium buffer (Tiangen Biotech). A gel run in parallel was stained by Coomassie blue to show equal loading.
ChIP Assay
